Genome-scale network reconstruction has enabled predictive modeling of metabolism for many systems. Traditionally, protein structural information has not been represented in such reconstructions. Expansion of a genome-scale model of Escherichia coli metabolism by including experimental and predicted protein structures enabled the analysis of protein thermostability in a network context. This analysis allowed the prediction of protein activities that limit network function at superoptimal temperatures and mechanistic interpretations of mutations found in strains adapted to heat. Predicted growth-limiting factors for thermotolerance were validated through nutrient supplementation experiments and defined metabolic sensitivities to heat stress, providing evidence that metabolic enzyme thermostability is rate-limiting at superoptimal temperatures. Inclusion of structural information expanded the content and predictive capability of genome-scale metabolic networks that enable structural systems biology of metabolism.
Genome-scale network reconstruction has enabled predictive modeling of metabolism for many systems. Traditionally, protein structural information has not been represented in such reconstructions. Expansion of a genome-scale model of Escherichia coli metabolism by including experimental and predicted protein structures enabled the analysis of protein thermostability in a network context. This analysis allowed the prediction of protein activities that limit network function at superoptimal temperatures and mechanistic interpretations of mutations found in strains adapted to heat. Predicted growth-limiting factors for thermotolerance were validated through nutrient supplementation experiments and defined metabolic sensitivities to heat stress, providing evidence that metabolic enzyme thermostability is rate-limiting at superoptimal temperatures. Inclusion of structural information expanded the content and predictive capability of genome-scale metabolic networks that enable structural systems biology of metabolism.
C ellular thermosensitivity depends on proteome stability. Chaperones and proteases are well-characterized heat shock proteins (HSPs), and chaperones improve survival at superoptimal temperatures (1) . Protein folding and structural stability required for function are disrupted at high temperatures. Many individual proteins and their mutant variants have been studied to identify structural loci within a protein that are destabilized at high temperatures, leading to denaturation. Replacing heat-sensitive loci with more stabilizing residues has allowed engineering of thermostable proteins (2) . By analogy, identifying the proteins that confer susceptibility to heat within the cellular system is critical to uncovering mechanisms for cellular thermosensitivity. Strategies for increasing thermotolerance have included introduction of chemical chaperones, overexpression of HSPs, pretreatment with moderate heat, or random mutagenesis to evolve stress tolerance (3) . Instead, we sought to directly identify the particular proteins that confer thermosensitivity in the system.
The emerging discipline of structural systems biology (4) has enabled new insights into topics that include the structure-function relations in metabolism in a hyperthermophile (5), identification of causal off-target actions of drugs that cause adverse side effects (6), identification of protein-protein interactions (7, 8) , and determination of causal mutations for disease susceptibility (8, 9) . We used a structural systems biology approach to discover points of thermosensitivity in the mesophilic bacterium Escherichia coli K-12 MG1655. Metabolic thermosensitivity, affected by enzyme activity in a genome-scale model (GEM), was assessed as a function of protein thermostability, providing mechanistic explanations for effects of mutations in evolved thermotolerant strains (10, 11) and leading to the discovery of metabolic limitations to thermotolerance.
To assess protein thermostability, we integrated a genome-scale model of E. coli metabolism (iJO1366) (12) with protein structures (GEM-PRO) by associating metabolic reactions with structures of their catalytic enzymes (database S1), thereby enabling parameterization of the network model on the basis of protein structural properties. The main objectives of this reconstruction (Fig. 1A) were to (i) maximally cover amino acid sequence (Fig. 1B) , (ii) represent the native structure of each wild-type (WT) protein (Fig. 1C) , (iii) map existing amino acid functional annotations to structures (13) (14) (15) (16) (Fig. 1C) , and (iv) represent changes in functional conformation or induced fit caused by protein-substrate binding (Fig. 1D) . Thus, in this model a protein may be represented by zero, one, or multiple separate structures. Experimentally determined structures (17) and structures from homology modeling ( fig. S1 ) were used to achieve 93% structural coverage of proteins in the network (Fig. 1B) and between 24 and 33% coverage of protein-substrate binding conformations. The majority of coverage was enabled by structure-modeling techniques (5) , without which such a reconstruction would not currently be possible.
Experimentally measured critical temperatures (18, 19) accounting for optimal, half-maximum, and total loss of protein activity were supplemented with bioinformatic predictions (20) (21) (22) (23) , based on protein three-dimensional structures, of protein melting temperatures (see table S1 for a full list and fig. S2 for a comparison of experimental and predicted melting temperatures). We used these critical temperatures to define protein activity functions that imposed temperaturedependent constraints on the metabolic model ( fig. S3 ). In this way, temperature, by affecting protein function, became a parameter for genomescale metabolic simulation. Simulated temperaturedependent growth showed good qualitative agreement with experimental growth data in three different nutrient media ( Fig. 2A ) in the range from 32°to 43°C, where growth is above 50% of maximum. Thus, thermostability of metabolic proteins appears to explain much of the thermosensitivity within this temperature range.
Our modeling framework also enabled precise prediction of points of thermosensitivity in the metabolic network ( fig. S4 and table S2 ). The most temperature-limited protein activities cluster in cofactor synthesis pathways, identifying them as most growth limiting (Fig. 2B) . We tested how temperature sensitivity of the model would change with the introduction of thermostable proteins into the network by alleviating temperature-dependent activity constraints on predicted growth-limiting proteins. For instance, optimally increasing critical temperatures of all proteins predicted to be limiting at 42.2°C produced a twofold increase in maximum growth rate and shifted the optimal temperature to 42.2°C, but narrowed the range of growth temperatures because of incompatibility of these more thermophilic activity functions with lower growth temperatures (Fig. 2B) . Adjusting www.sciencemag.org SCIENCE VOL 340 7 JUNE 2013 REPORTS activity functions for just the four most-growthlimiting proteins had similar but smaller effects on temperature-dependent growth (Fig. 2B) . Adaptive laboratory evolution experiments have yielded 119 thermotolerant E. coli mutants (10, 11) . Investigating mutations in metabolic genes and their regulators (24) with our modeling framework yielded classification of potential causal mutations for 51 strains (supplementary text and  table S3 ) and possible mechanistic explanations for their functionality in thermotolerance through compensating for heat-limited growth factors (Fig. 3) , often consisting of cofactors. Statistical analysis (table S3) established that predicted causal mutant gene combinations conferring thermotolerance have a low probability of being identified by chance, signifying the predictive accuracy of heat-affected metabolic activities.
Mutations decreasing thermosensitivity of metabolic activities could stabilize or otherwise increase protein activity at high temperatures, for example, through increased gene expression. We thus profiled gene-expression of WT E. coli at 37°a nd 42°C (table S4) to identify genes with heatinduced transcription. Such genes participate in native heat-shock response and offer possible mechanisms for adaptive evolution of thermotolerance.
Specific susceptible proteins may be directly characterized by replacement with more thermostable proteins, by increasing gene expression to compensate for decreased activity (25) , or by bypassing their function through nutrient supplementation. We chose metabolites produced immediately downstream of model-predicted growth-limiting proteins ( fig. S4 ) and for which transport mechanisms are known in E. coli as supplements and found a set of six compounds that supplemented heat-limited growth factors (table S5) . Each individual compound and a mixture combining all compounds were tested for effects on growth rate at 42°and 37°C. The mixture increased log-phase growth rate at 42°C by about 13% but yielded no benefit at 37°C (Fig. 4) .
Triplicate experiments for components of the supplement mixture (table S6) were prioritized for the two compounds resulting in the highest growth rates at 42°C in single experiments ( fig.  S5 ). Pantothenate and biotin both provided heatdependent supplementation, although to a lesser degree than the mixture (Fig. 4) . Production of the coenzyme A (CoA) precursor pantothenate in WT grown at 37°C has been measured in excess of the minimum requirement for growth by as much as 15-fold, leading to excretion (26) . A pathway with such excess activity at 37°C being successfully supplemented at 42°C indicates a substantial heat-dependent loss of function. This experimental result supports our predictions that this pathway has lowered activity because of thermal deactivation of PanB, PanC, PanD, and IlvC proteins. The heat dependency of this supplementation indicates that supplements do not simply alleviate the burden of synthesizing cofactors from the nutrient carbon source; it confirms the accuracy of thermosensitive metabolic activities predicted by our modeling framework and supports the precise proteins predicted to be limiting at 42°C. The supplement mixture elicited a combined benefit beyond that observed for individual compounds. The combination of pantothenate and biotin accounts for part but not all of the benefit of the full mixture (Fig. 4) . Additions to pantothenate and biotin within the mixture appear to compensate for less rate-limiting growth factor deficits. Fig. 4 . Changes in specific growth rate upon supplementation relative to a no-supplement control are depicted in orange for 37°C and red for 42°C. Error bars show standard deviations with n = 3 for each condition. (Inset) How growth rate changes were computed by comparing the maximum slopes of growth curves between the control and supplement condition. Mixture, combination of all six supplements; pnto-R, pantothenate; btn, biotin; OD, optical density. Fig. 3 . Mechanisms predicted to confer thermotolerance are summarized for heat-adapted E. coli strains. The total number of heat-adapted strains and mutated genes is given and also noted for the regulatory and metabolic subsets of mutated genes. Only regulators acting on metabolic genes both predicted to lead to thermosensitivity and with heat-induced transcription in WT are depicted, except for crp. Only metabolic genes predicted to lead to thermosensitivity and either mutated in the set of evolved strains or both activated by depicted regulators and with heat-induced transcription in WT are depicted, except for gapA. Encircled, bolded genes show heat-induced transcription in WT. Predicted growth factors limited by heat-dependent decreases in protein activity are indicated at right.
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The E. coli GEM-PRO platform reconciled disparate data types to explain fundamental properties of thermosensitivity, providing evidence that metabolic processes are growth-limiting under heat stress and providing mechanistic interpretations of complex thermotolerant mutation data. Our model suggests that these dependencies arise directly from the systemic constraints that proteome thermostability imposes upon growth, which could be relieved through exogenous supplementation of the most-limiting processes, among them CoA and biotin synthesis. Understanding thermotolerance in microbes has important implications for developing industrial microbial biocatalysts (27) , probiotics, and bacterial vaccines (28) . Most efficient producers of compounds of interest are not naturally thermotolerant, but the absence of a genetic system often limits the utility of native thermophiles in industrial processes. Therefore, strategies for increasing thermotolerance of production strains may be useful. Our result supports the necessity of systems biology in understanding complex stress responses. Furthermore, these findings would not have been possible with use of either protein structure data or the metabolic network in isolation, illustrating the potential of advancing the field of structural systems biology.
